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Evidence for a structural phase transition from ruth€rO, phase | P4/mnn) to
orthorhombic 5-CrO, phase Il (CaGllike, Pnnn) is presented using angle-resolved
synchrotron x-ray diffraction and high sensitivity confoBaman spectroscopy. The
transition to the Caglstructure, which appears to be second-order, occurdBGPa
without any measurable discontinuity in volume, but is agmmied by an apparent
increasein compressibility. Raman data are also presented to &hrtver evidence for
a second-order structural phase transition as well nwodstrate soft-mode behavior of

the B,y phonon mode.

PACS numbers: 62.50.+p, 61.10.Nz, 64.30.+t, 64.70.Kb



1. Introduction

Chromium dioxide (Cr@ has many properties of interest to both the scientific
community and industry. It was first introduced as a magmetiording media in 1974
mainly due to its relatively high coercivity but has regedi much more recent attention
for its unique electronic properties. First suggested to be héflimdy Schwarz, Cro

has been studied extensively both theoretically and experimentally and habdyeencs
possess near 100% spin polarization at the Fermi level ssipgrconducting point-
contact tunneling experimerfts.lts half-metallic behavior gives rise to relativetywl
electrical resistivity for an oxide, ~3Q@-cm (Ref. 3), and is commonly referred to as a
“‘bad metal”. CrQ is also ferromagnetic at room temperature with a highieC

temperature off, = 390K relative to other candidate half-metals. These twpegnces,

along with it's already wide availability, make GrGcientifically and technologically

important and an ideal material for developing spintronicogs.

CrO, is also one of the simplest known half-metals and crystallinto the rutile
structure at ambient conditions, a structure commonly fdaonchany metal dioxides
(MO2; M = Ti, Cr, Mn, Sn, Ge, Pb, etc.). The rutile struetgonsists of tetragonally
distorted edge-sharing M@ctahedra (see Fig. 1), one of the most fundamental building
blocks of covalently bonded network structures found in hard rasteand earth
minerals like stishovite. Larger metal ions (ie, M\5 Re, Mo, etc), however, tend to
form an eight-fold coordinated calcite (Galstructure while smaller ions (M = C, Si,
etc.) crystallize into a four-fold coordinated tetrahedtalcture. At high pressures, the
rutile structure typically transforms to another sidfa@oordinated structure, CaCor
the a-PbQ structure found in shock compressed S#Dd known as a post-stishovite
structure! The smaller four-fold coordinated Si@ansforms into the six-fold rutile
structure, stishovite. Therefore, to the first approxiomatthese pressure-induced
structural transitions may be understood in the simpe of topological packing of
hard spheres, i.e. an increase in the coordination number aadsihaated electrostatic
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interaction at high densities. At high pressures, howeher,electronic structure also
changes in a significant way and so does the nature dfagleinteraction, becoming
more repulsive and dominated by electron kinetic energy. Asudtythe characteristics
of these M@ transitions could be more complex than is evident from traghier
continuous manner, occurring without any structural or voldieeontinuity. The rutile
structure has even been found in the molecular solig-IC@t high pressures and
temperatures Furthermore, the electronic contribution to structural stabdisignificant
in transition metal oxides at high pressures, as is evidemt the Mott insulator-metal

transition§”’, charge transfer transitidghwvalence transitions, etc.

In the present work, we present a high-pressure structiualy of CrQ using
synchrotron x-ray diffraction and Raman spectroscopy. Evidésrca second-order
structural transition al2+ 3GPa from rutilea-CrO, phase | to orthorhombi@-CrO2
phase Il, accompanied by artreasein compressibility, is presented as well as evidence
for soft-mode behavior in the Raman spectrum. A second phasstion is also
suggested from anomalies in the x-ray and Raman data around&0 Bnally the
transition pressure for CeQs investigated in the context of other known rutile-GacCl
transitions at high pressure.

2. Experimental Procedures

Powdereda-CrO, was obtained commercially under the name Magtrieve from DIOPO
and loaded into Livermore-designed diamond-anvil cells(DA@sprider to achieve
pressures up to 50 GPa. Two samples were prepared fgrdifraction experiments.
One sample was loaded into a 130 micron hole in a Re gasi@tedtto the piston anvil
of a membrane-type cell. Mineral oil was used as a pressure tiamgmedium and Au
powder was added for pressure determination. The othetesarap loaded into the 160
micron hole of a Re gasket attached to the piston anwalldfL cell along with several
small Ruby chips for pressure determination using the Rubyefcence methdd. The
cell was then placed into a Janis Research continuoug-ftowryostat modified for He
loading into the LLL cell. Liquid He was allowed to accuatalwell above the top of
the cell and then the pressure was reduced in the cryosthtsuperfluid He was
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obtained. The cell was then opened briefly to allow adlsmnaount of liquid He to leak
in and then sealed. A larger sample hole was used, asasvallthicker indentation, to

allow for a ~30% volume compression of the liquid He upon taadi

Angle-dispersive x-ray diffraction (ADXRD) data was perfednat beamline 161D-B,
HP-CAT at the APS at Argonne National Laboratory usig.3680 A x-rays. The
synchrotron x-ray beam was focused down to 12x12 microns ugiaig af long (0.5 m)
Kirkpatrick-Baez bimorph x-ray mirrors and the partial De®gherrer rings were
collected on a Mar345 image plate. Raw x-ray diffraction data wagatee with fit20
and analyzed using XRDA and GSAS. Le Bail whole-profilénfittiwas used to obtain
lattice parameters and profile coefficients and then a &etrefinement was performed
to obtain internal oxygen coordinates. Background removal was manually due to a

very irregular amorphous background that was difficult to fit.

For Raman measurements, powdered ;Cadng with several small Ruby chips for
pressure determination was loaded into the 140 micron holeddriillea Re gasket
attached to the piston anvil of a LLL-type cell. The celiswthen lightly closed and
immersed in liquid argon. After the cell came into therrequilibrium with the
surrounding Ar liquid it was then opened briefly to captusenall quantity of Argon for
use as the pressure transmitting medium. Mineral oil waused due to the broad,
amorphous background generated during previous Raman attemptan ek also not

used due to the high initial loading pressures required toeshiguid He capture.

Raman spectra were obtained using a confocal micro-Ramaemsydesigned for
maximum light collection. A single stage spectrometas wsed for spectra collection
along with a pair of Kaiser Supernotch holographic filfersrejection of the Rayleigh
scattered light. The 532 nm second harmonic of a diode pumped N@3&D was used
for Raman excitation. The spot size at the sample wagml0During previous Raman
attempts with a conventional Raman setup, sample heating due to th&dtie200 mw)
laser powers required would cause a change in oxidation fm@p 16 CrOs.*° These

high laser powers were required because the black color anchétallic nature of the
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material made the Raman scattered signal very weak. A lower laser ganvbe used in
such a system, however the long collection times would reitiecgensity of data points
and increase the error in pressure measurement as sibmatag@tion occurs during the
course of a measurement. A system with high sensitivaty meeded to reduce incident
laser power to <30 mW while keeping the collection timemtws minutes.

A. X-ray Diffraction

At ambient conditionsr-CrO, crystallizes into the rutile structur®4/mnm, Z=2 with
lattice parametersi=b=4.421 A and c=2916 A, and atomic position of Cr(2a) at
(0,0,0) and O(4f) at (u,u,0) with = 0.301.** The rutile structure, shown in Fig. 1(a)(b)
consists of chains of distorted edge-sharing¥@ahedra along theaxis with the Cr
ions forming a body-centered tetragonal lattice. This distorcan work to either
flatten(apical bonds are shorter than the equatorial bondslpogate(apical bonds are
longer than the equatorial bonds) the gdbtahedra along their axes. The positions of
the oxygen atoms are determined by the fractional coordinatehich sets the Cr-O
distances and determines the size and nature of the distorfigure 2(a) shows a
Rietveld refinement ofr-CrO, performed at 7.7 GPa showing a good agreement with the
rutile structure with lattice parametess=b = 4.3710(1) A and c=2.8967(1) A, and
u=0.294(1). At this value ofu the Cr@ octahedra is flattened along apical direction
with Cr-O distances of 1.809 A and 1.928 A for the api¢adf® equatorial(4) bonds,

respectively.

At 12.8 GPa an orthorhombic distortion was detected by the splifir{gkl) diffraction
lines with h#k as shown in Fig. 1(b) with the splitkl)’s shown in bold. This is
consistent with the structural transition from rutile @CL (Pnnm, Z=3 crystal
structures observed in other rutile-type oxides such as;NR&. 12), Ru@ (Ref. 13),
SiO, (Ref. 14), Ge@ (Refs. 15, 16), Sn(dRefs. 17, 18) and Pb@Ref. 19). The Cagl
crystal structure consists of chains of distorted edgergh&@iQ octahedra along the
axis with the Cr ions forming a body-centered orthorhomliicéaand is shown in Fig.
1(c). The position of the oxygen atom is now described by taatiémal coordinates,

and y. The Reitveld refinement Fig 2(b) BfCrO; at 14.0 GPa shows good agreement
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with the CaCJ structure with lattice parametess= 4.3874(4) A, b=4.2818(4) A, and
c=28779(2) A, andu=0.299(1) andy=0.272(1).

Figure 3 shows lattice constants obtained using a Le Balilevgrofile fit as a function
of pressure with a dotted vertical line showing the ttammsipressure. The diffraction
data from the mineral oil sample suffered from broadenfndiftraction lines above 9
GPa, due to non-hydrostatic conditions inside the sample b#@mand made
refinement difficult to converge. Therefore, we only presita below 9 GPa for this
sample as shown in Fig 3. On the other hand, the diffradataobtained using He as a
pressure medium stayed well resolved up to the highestupeesbtained. Below the
transition pressure the compressibility of #zaxis using mineral oil and He are very
close, with the He sample showing a slightly higher cossgibdity. The c-axis,
however, shows a much lower compressibility when using Ha pessure medium,
although it is clear that both curves extrapolate back teia@ously reported value at

P =0. A change in compressibility at 12.8 GPa is observec@x-axis while the area

conserving quantityx/% follows smoothly from the-axis across the transition. There
is also a small but apparent change in compressibilitieotiaxis at ~25-30 GPa. This
change may be a signature of an second phase transitionioAaldgvidence supporting
a second phase transition was observed in our Raman data pressure range and is
discussed below.

The pressure vs. volume datamfand#CrO, phases are plotted up to 50 GPa in Fig. 4,
identifying the transition pressur@ =128+3. BelowP. the mineral oil and He data
agree well, resulting in a nearly identical P-V cur¥dove P, an anomalousicreasein

the compressibility occurs. This is in contrast to nmoaterials becoming stiffer with
pressure. The experimental PV curves BCrO, was fit to the $-order Birch-

Murnaghaf' equation of state
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with B,'= (@j =4andV, fixed at the previously reported value of 56.99(Ref.
T;P=0

11) which yielded a value a8, = 239+ 2 GPa for the zero pressure bulk modulus. The
high pressurgs-CrO, phase was also fit to Eq. (1) yielding valuesgf=162+2 GPa

and v, =581+.1 A3 for the zero-pressure bulk modulus and unit cell volume

respectively. In addition, we performed Birch-Murnaghguagion of state fits for both

phases while letting3," vary, as well as fits to the Vinet equation of staldnese are

shown in Fig. 3 and the numerical results of the varideasafe summarized in Table I.
The fits to the low pressure phase all give quite sinaifwers, however the differences
between the various equations of state are evident in thephggsure phase. This is

primarily due to the lack of data to constralp as #-CrO, does not exist at ambient

conditions. It is clear, however, that a pronounced softeniegdent irrespective of the
model used to fit the compression data.

B. Raman

The Raman signal of half-metallic Gr@ very weak due to the metallic nature of the
material which, due to a short penetration depth, resultsriglatively small scattering
volume and low number of scattering sitesNevertheless, by using a fast con-focal
Raman spectroscopy system we were able to obtain rejatingtl quality Raman spectra
from powdered Crg as shown in Fig. 5, using no more than 30 mW of laser pasver
measured at the sample. Small features in the Raman spetdw 200 crit are,
however, obscured because of the use of two holographic nibéch @ised to prevent
Rayleigh scattered light from entering the spectrometerehdt of which was both the

introduction of some small spurious peaks and much reduced transmissiwr2B8élcm
1

A factor group analysis gives four Raman-active modes hm rutile structure,

|22

[Mgaman = Eg + Ay + By, +B,,. Previous work by lliewet. al™ using polarized Raman

spectroscopy on single-crystal Gr@t ambient pressure describes these modes and
determined the Raman-shifts to be 149'c#E8 cnt, 570 cnt, and 682 cm for theBy,

-7-



Eg Ay, andByy modes. Figure 4 shows our Raman spectra of, Gaken at various
pressures. The three peaks at 470,884 cnt , and 700 cm shown at 2.8 GPa are
associated with thEgy, A;g, andB,g modes of the rutile structure. Unfortunately, we were
not able to observe the Raman-activg ghear mode, which has been shown to exhibit
soft-mode behavior at high pressure in other rutile-C@R¥fs. 14, 18) transitions, due to

its very weak scattering around 150°tH

The expected mode behavior for a phase transition from rati@aC} is a splitting of

the doubly degeneratg, Ehode along with the addition of a new Raman active mode of
B1, Symmetry:® At 12.4 GPa a new peak appears at 470 and the §mode begins to
broaden. By 19.5 GPa a clear splitting of the riode is observed along with an
additional peak emerging at 162 ¢mMode assignments for phase Il are based primarily
on the correlation between rutilegfpand CaCGl(D,,) modes except for the new Raman-
active mode of B, symmetry which is tentatively assigned to the new pedi Gtcn*

and assumed to be accidentally degenerate. The order ofgthedBBy modes shown is
arbitrary as it has been argued that the sign of the sponsnetrain,

e, = (a—-b)/(a+b), determines the orderirfy. Because all our experiments were done

on powdered samples and not single crystals, the siggisfunknown. It should also be
noted that a seventh, unassigned peak was observed at 33 GRifieddavith an
asterisk, showing a variation with pressure consistetit thie other, identified peaks.
The small peak around 185 ¢nmat 41.1 GPa, marked with a cross in Fig. 4, was
intermittent and did not seem to show any consistent behaittopressure. This peak is
therefore attributed to spurious noise caused by the pémolofraphic notch filters
coupled with the background subtraction procedure.

Figure 6 shows the pressure-induced shifts of the observed Raouws fora- and
CrQO,. Although we were unable to directly observe any modesiofy behavior due to
the weakness of the;Bshear mode in rutile-CrO,, we can speculate that in order for
the B,y mode to smoothly connect to thg Aode there must been some softening.
Figure 5 shows ambient pressure values obtained frometieai?* for all four Raman

active modes in rutile Cras dark triangles. It is clear that a smooth curve can be drawn

-8-



between the ambient pressure values and our data fog,the;Fand By modes, but not
for the By mode. This is further evidence thaCrO, takes the Caglince softening of
the B4 has been seen in many of the rutile-Ga@insitions:*'®*° It should again be
noted that the unidentified peak showing up at 33 GPa, marked witheaislain Fig. 6,
shows a pressure-induced shift consistent with the rest afehgfied modes.

3. Discussion

The present x-ray data reveal that the rutile-to-g&@hsition in CrQis a strain-driven,
2"%order distortive phase transition. The crystal strustafeboth phases (see Fig. 1)
consist of distorted edge-sharing Gr&tahedra where the degree of distortion increases
as you move fronu-CrO, to 3-CrO,. For example, at ambient conditions the four
equatorial Cr-O bonds in the [110] plane are at 1.917 A anddighly along the c-axis
while the other two apical Cr-O bonds in the [1-10] plareea 1.882 A and lie parallel
to the ab-plane. At the onset of the transitionl2d + 3GPa the disparity in Cr-O
distances increases to 1.930 A for the equatorial bond aB8 A 7or the apical bond.
This local strain arising from the large disparity in ¢dd@ngths along the c-axis and ab-
plane results in a large compressibility along the c-akis respect to the a- and b-axes
(see Fig. 2) and aimcrease of the O-O contact distance to 2.568 Az@rO, from the
relatively short 2.488 A im-CrO,. This short O-O distance i+CrO, may induce the
softening of the B, mode inferred from the present Raman data, shown in Fand,

cause a mechanical instability of the rutile structfife.

It is often difficult to correctly determine the order of a phasesitian through structural
measurements alon®&ecall that the splitting of the (101) diffraction peak i(t61) and
(011) peaks is seen clearly at 12.8 GPa. However, broadeinthg (101) peak before
12.8 GPa was also detected which could indicate a contiraemesd-order transition
that begins before 12.8 GPa. This is illustrated in Fig. 3evhediscontinuity in the
lattice parameters is shown at 12.8 GPa, however extrapolatithea- and b- axis
curves from #CrQO, back to thea-axis from a-CrO, could indicate a continuous
transition beginning as low as 10.8 GPa. Indeed, in many nitilertype oxide&"*2

the transition to the Caglstructure has been shown to be second-order with the
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spontaneous straig,, = (a—b)/(a+Db), as the order parameter. According to Landau’s
theory of second-order phase transitions, the order panasteield be proportional to
(P-P,)"?. To examine this possibility, we have plotted vs. pressure in Fig. 7(a).
Our data appear very linear up to 25 GPa with a fit to &gbtréne giving a value of
P. =122 GPa. Above 25 GPa, however, strong deviations from ligean# observed.

The splitting of theeg mode in rutile materials has been shown to be directly proportional

Y2 scaling?® The

to the spontaneous strain and should therefore also follGv—aP.)
square of this splitting is plotted in Fig. 7(b). We agsee good linearity up to 25 GPa,

giving a value ofP, =100 GPa, above which we see deviations. The agreement with

(P-P)"Y? below 25 GPa suggests that this is indeed a second-ordsitioran

Although this scaling only rigorously applies near the ttaorsipressure, the deviations
at 25 GPa coincide with the new Raman peak observed at 33r@Rheachange in
compressibility of the c-axis, and could indicate the appearaof a new phase.
However, no indication of a second structural phase tramsims found in the x-ray
diffraction data. Therefore, further experiments are needed to amsdd&l conclusion.

The lower value oP. obtained from our Raman data, compared to x-ray, is |dkedyto
the use of different pressure media: argon for Raman arfdrtk-ray diffraction. Argon
is known to provide slightly less hydrostatic conditions tharnaHd therefore could have
forced the transition to occur at a lower pressure dufegRaman experiment. In
addition, the larger compressibility of the c-axis obsgrvea-CrO, using mineral oll
compared to that obtained using He, shown in Fig. 2, is atggestive of a greater strain
than in He. It has been shown by Haieesal!’ that the rutile->CaGltransition is very
sensitive to non-hydrostatic stress and the use of non-hgticopressure media can
lower the transition pressure by as much as 8 GPa fop. Sii@erefore, we place the
transition atl2+ 3 GPa based on the first appearance of a clear splitting of the diffractio
lines with h#k and estimate the experimental uncertainty to be ~3 GPa dilne to

discrepancy irP; discussed above.
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It is interesting to note that extrapolated zero-presBulie modulus of-CrQ; is lower

than that of a-CrO, going from B, =239+2 t0o B, =162+2 across the phase

transition(see Fig. 3 and Table I). Lattice softeningas uncommon for strain-driven
distortive-type transitions at high pressures, as seamaiterials like Re@and UQ
where the softening occurs as a result of “buckling” oflitnear Re-O bond&"?® As
previously discussed and shown in Fig. 3, the change in volomeressibility comes
largely from an increase in compressibility of the saxot from a change in
compressibility of the ab-plane as evident from the areaeswing paramete{/% . A
similar lattice softening has also been seen during the hegsyre rutile ->a-PbQ
transition in TiQ and Pb@ which also involves a large change in the compressibility of
the c-axis®* In these materials the change in compressibility is duket way the O-
octahedra link along the c-axis, forming zig-zag edge-shahags instead of straight
edge-sharing chains as in rutile. This increases the nurmbetartion mechanisms and
hence a larger compressibility. The rutile-Catghnsition, however, does not alter the
way O-octahedra link along the c-axis and may thereforeé aeelternative explanation

for the lattice softening.

The tetragonal distortion(apical Cr-O bond is shorten tthee equatorial bonds) of the
CrOs octahedra introduced i-CrO, splits the doubly degeneratgraolecular orbital in
to a4 and by states and splits the triply degeneratgotbital into by and g% The
orthorhombic distortion in3-CrO; further splits this latter georbital into by and By
orbitals. As a result, the two unpaired d-electronsg?ii€rQO, can be paired up in the
lowest energy d-orbital, eithepdoor kg, in a sufficiently strong crystal field. This would
be equivalent to removing the exchange splitting of the up-spirdawd-spind-states
and increasing the metallic character of €rQattice softening due to changes in the
electronic structure has been seen in a variety of rakterin the monochalcogenides of
the rare-earths, such as TmTe, the anomalous increasmpmessibility with pressure is
attributed to continuous 4f-5d electron promotion, resultin@ isemiconductor-metal
transition®> Shock experiments on liquid ,Dindicate a significant increase in

compressibility accompanying the insulator-metal transifor\WWe therefore postulate
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that the increase in compressibility of Gr@& 12 GPa may be due to an electronic
transition from half-metal to metal. Recent electratrcicture calculations support this
conjecture by showing that the density of state is much sensitive to changes in the

c-axis than either the a- or b-axis.

The transition observed in the present study is in accordartbe otier MQ-type
transition metal or group-1V dioxides taking the rutilausture. For example, rutile-type
MnO, undergoes a phase transition at 0.3 GPa to the,GaUtture and possibly another
phase transition around 46 GPa to an unknown cubic phasither materials often
undergo post-rutile phase transition to structures such-RBG, a-cristobalite, etc.
Table Il summarizes the results for many M&@mpounds. To compare Gr@ith the
rutile-type compounds at high pressure and to gain insighttiet systematics of these
transitions we have plotted the metallic ion radii vansition pressure in Fig. 8(a). It
should be noted that the structural results from Tablestewaken from Bolzaat af?,
however the values for the ionic radii were taken from ShanndnPaewitt’. The
values used in [33] are those obtained by Ahrens which daaaount for coordination
number and spin state and, consequently, do not give the corhees Yar the anion-
cation distances when added together. We see strong ayisgeem the group 1V metal
dioxides showing increasing transition pressure with deiogasnion radius. The

transition metals, however, show much more complex behavior.

To elucidate the connection between transition pressure abatranpressure crystal

structure parameters we have also calculated the defgM®goctahedra distortion at

ambient pressure, defined ¢($1—r2)/(r1+r2)| where r, =apical M-O distance and

r, =equatorial M-O distance. The values are plotted ascifun of transition pressure

in Fig. 8(b). It suggests that a higher degree of distofdads to a dramatic increase in
the stability range of the rutile structurex-CrO,, with an ambient pressure value of
0.00916 agrees well with the other transition-metal compouttdshould also be noted
that although the group-1V compounds and transition-metal compdaottisfollow a
nearly linear trend, the line of transition-metal compounds @Abtiat of group-1V. We

can try to understand this behavior by looking at thg Vibrational mode frequency,
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Ve at ambient pressure for the various M&@mpounds as a function of transition
pressure. This is plotted in Fig. 8(c). We can seeathancreased distortion of the MO
leads to an increase U1 Since the rutile-Caglransition is driven by a mechanical
instability with the same symmetry as thg, Bhode, demonstrated by softening of this
mode, a material with a higher ambient pressure valuedgy may take longer to
transform, leading to a higher value fy The fact that for a given distortion, the values
for vgyq for the transition metal oxides are systematicallydoveading to lower values
for P, may be electronic in nature. The bonding between M-O inrémsition metal
oxides is dominate by it's partially-filled-orbitals where in the group IV compounds,

this same bonding has predominamtgharacter.
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Figure Captions:

FIG. 1. (a) The edge-sharing octahedra of the rutile structure dlmg-axis. (b)
Shows rutile-structured-CrQ, (P4/mnm Z=2, a=b =4.421A, ¢=2916 A, u=.301)

at ambient conditions projected onto #teplane with Cf*ionsin black and G ions in
white. (c) ShowsACrO, (Pnnm Z=2, a=4.425, b=3987, and c=2683, and
u=0.371 andy=0.263) at 50.4 GPa. The transition frerCrO, to CrO; involves an

orthorhombic distortion and a rotation of the @d@tahedra about theaxis.

FIG. 2.. (Color Online) Rietveld refinement of CsQ-ray diffraction data taken at 7.7
and 14.0 GPa. Open circles show experimental data while red aedirtes show
calculated spectra and difference spectra, respectively.rt S8bdical lines shows
position of diffraction lines. (a) shows the structurdinesment of rutilea-CrO,, space
group P4/mnm, while (b) shows the structural refinement of orthorhonBaLrO, in the
CacCl structure, space group Pnnm. Only the stronpsy's are labeled. (hkl)'s shown
in bold represent those diffraction lines with# Kwhich were split during to the
orthorhombic distortion from tetragonal /A4nm to orthorhombic Pnnm. The values
Rwp, R, and expected 8 were calculated without contributions from the background fit

FIG. 3. Lattice constants of CeQOas a function of pressure. Open and closed circles

represent data taken with Helium and mineral oil as a peessedium. Dark triangles

|11, Crosses represent the area conserving qua'/ﬁ_@.

are data obtained by Cloed. a
Vertical dotted line at 12 GPa shows transition from ewtCrO, to orthorhombics

CrQ..

FIG. 4. Pressure vs. Volume data for GrODotted vertical line shows transition from
rutile a-CrO, to orthorhombig3-CrO,. Dark circles are data collected using a He pressure

medium and dark triangles were collected using mineral othaspressure medium.
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Dotted vertical line denotes transition pressurédf 3GPa. Error bars are shown when
uncertainties exceed symbol width. Various fits are shasing the Vinet and Birch-
Murnaghan equations of state, both with and without fixigg4 The numerical results

are summarized in Table 1.

FIG. 5. Raman spectra of Cp@t 532 nm excitation at various pressures. At 12.4 GPa
the broadening of the Eg mode due to a splitting and the appeafaaceew mode at
470 cm' are consistent with a phase transition from rutile aCistructures. We also
see the appearance of the Raman actiendde in CaGlas shown at 19.5 GPa. The
asterisk marks an unidentified peak occurring at 32 GPa andtpeysip to the highest
pressure obtained during this experiment. A broad background hasuigeacted from

all spectra. The cross marks an intermittent peak causeal @ymbination of the
holographic notch filters and the background subtraction and doeshiftotonsistently

with pressure.

FIG. 6. Plot of CrQ phonons vs. pressure in the rutile and Ga®luctures. Dark
triangles show ambient pressure values obtained bydtiel?? on single crystal Cagl
Dark circles represent our data. Dotted vertical line at 12 GPa denotesngigon from

tetragonabi-CrO, to orthorhombigs-CrO, derived from our experimental data.

FIG. 7. Plot of the square of the (a) spontaneous strain, definfat-ds)/(a+b), and (b)
E, phonon splitting, defined ab/, -v,)/(v, +v,), vs. pressure. Dotted lines show a
linear fit of the form A*(P-P.) up to 25 GPa givingP, =1000 GPa for (a) and

P. =1220 GPa for (b). Deviations from linearity are clear abov&Pa.

FIG. 8. (a) Metallic ion radii for select MOcompounds vs. transition pressuRg,
Open squares show group-IV oxides and dark squares showidransétal oxides.
Dotted line serves as a guide to the eye to show the trendreésing transition pressure

with decreasing anion radii. (b) shows plot of the ambpassure M@ distortion,

defined as|(a—b)/(a+ b)| where a=apical M-O distance and =equatorial M-O
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distance, vs. transition pressure(left axis, squares) apanB8de frequency(right axis,
triangles). Light and dark squares represent the group IVranditton metal oxides,
respectively. Dashed lines are linear fits showing inangasgansition pressure with
increasing M@ distortion. Inset (c) shows increase ofyBnode frequency with

increasing distortion.

TABLE |. Summary of numerical results from various equation aofesti#s to our
experimental PV data. Numbers shown without error denote v#haeswvere fixed

during the fitting procedure.

TABLE Il. Rutile to CaC transformation pressures and ambient pressure anion radii
degree of M@ distortion, and B, mode frequencies for various metal oxidégnion

radii obtained from Ref. [34] for the™4oxidation state and 6-fold coordinatioh.
Structural information for metal oxides at ambient conditisrmummarized in Ref. [33].

ransition pressure for rutile @PbQ, in TiO,.
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Birch-Murnaghan Vinet
Phase By (GPa) | By Vo (A% By (GPa) | By Vo (A%
I 239+ 2 4.0 56.99 242+ 2 4.0 56.99
| 23510 5+2 56.99 235+10 6+2 56.99
I 162+ 2 4.0 581+ .1 181+ 3 4.0 578+ .1
[l 143+ 16 48+ .7 585+ 4 138+16 58+.7 586+ 4
TABLEI.
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MO, Comound Transition Anion radift MOg’ By frequency
Pressure (GPa) (A) (cm™)

TiO,' 7 745 0.008 141
CrO, 12.2 .69 0.00916 149
MnO, 3 .68 0.00345 -

RuG, 11.8 .76 0.01126 165
SIO, 50 .94 0.0145 232
GeG 26.72 .68 0.00901 171
SnG 11.8 .83 0.00248 158
PbG 4 915 0.00309 -
TABLEII.
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